We report the experimental and theoretical results on the anisotropies in the magnetic properties and x-ray absorption spectra of single-crystal LiFePO 4 . A mean-field theory is developed to explain the observed strong anisotropies in Lande g-factor, paramagnetic Curie temperature, and effective moment for LiFePO 4 single crystals. The values of the in-plane nearest-and next-nearest-neighbor spin exchange ͑J 1 and J 2 ͒, interplane spin exchange ͑J Ќ ͒, and single-ion anisotropy ͑D͒, obtained recently from neutron scattering measurements, are used for calculating the Curie temperatures with the formulas derived from the mean-field Hamiltonian. It is found that the calculated Curie temperatures match well with that obtained by fitting the magnetic susceptibility curves to the modified Curie-Weiss law. For the polarized Fe K-edge x-ray absorption spectra of single-crystal LiFePO 4 , a different feature assignment for the 1s → 4p transition features is proposed and the anisotropy in the intensities of the 1s → 3d transition features is explained adequately by a one-electron theory calculation of the electric quadrupole transition terms in the absorption coefficient.
I. INTRODUCTION
Lithium iron phosphate ͑LiFePO 4 ͒ has been considered to be one of the most promising candidates for next generation Li-ion batteries cathode materials due to its high theoretical specific capacity ͑ϳ170 mA h / g͒, high cycle life, low cost, high thermal stability, and nontoxicity. [1] [2] [3] [4] [5] [6] However, the intrinsically poor electronic and ionic conductivities of LiFePO 4 limit the delivery of high specific capacity at high discharge rates. 3, [7] [8] [9] [10] The low ionic conductivity can be attributed to the one-dimensional nature of Li diffusion in olivine LiFePO 4 , as clearly shown by a recent first principles calculation. 9, 10 At present, there is a controversy regarding whether the enhancement in the electronic conductivity for cation-doped LiFePO 4 is truly due to the substitution of Li + by the cations or due to the grain-boundary impurity network. 3, [11] [12] [13] [14] One of the effective ways to resolve this controversy is to synthesize pure phase and sizable ͑Ͼ10 mm 3 , for example͒ cation-doped LiFePO 4 single crystals for electronic conductivity studies, because such single crystals could be free of impurity grain boundaries, and thus the complicating factor due to grain boundaries can be ruled out. Also, the anisotropies of the magnetic and electronic structures can be studied only by using high quality and sizable single crystals. It is important to synthesize large-size and high quality LiFePO 4 and cation-doped LiFePO 4 single crystals for the study of the electronic conductivity and other physical and/or electrochemical properties.
Currently, due to the unavailability of large-size LiFePO 4 single crystals, almost all of the studies including those on electronic conductivity measurements were carried out on polycrystalline LiFePO 4 -based materials synthesized by various methods. 3, [15] [16] [17] [18] [19] [20] [21] The crystal structure of LiFePO 4 has been studied previously by a number of groups. [22] [23] [24] [25] [26] [27] Figure   1͑a͒ is a general view of the structure which contains the distorted FeO 6 octahedra ͑in blue͒ and PO 4 −3 tetrahedra ͑in yellow͒. A sketch of such a distorted FeO 6 octahedron is displayed in Fig. 1͑c͒ , which will be discussed in detail in Sec. III A below. Each FeO 6 octahedron is connected to four other FeO 6 octahedra in the bc plane ͑determined by the ͓010͔ and ͓001͔ axes͒ by corner sharing and four PO 4 tetrahedra, and it has one common edge ͑along the b-axis direction͒ with a PO 4 tetrahedron and two common edges with a LiO 6 octahedron. The Li ions are located at the inversion centers of highly distorted LiO 6 octahedra, which form an edge sharing chain along the b-axis ͑or ͓010͔͒ direction. Figure 1͑b͒ shows the spin arrangement of two adjacent Fe 2+ layers and the three nearest-neighbor ͑NN͒ and next-nearestneighbor ͑NNN͒ exchange interactions J 1 , J 2 , and J Ќ ͑to be discussed in detail in Sec. III B 2͒.
In the past, few results on the growth of LiFePO 4 single crystals were reported. For example, the hydrothermal growth 20, 28 has been reported, but the grown LiFePO 4 single crystals were too small ͑with radius less than 0.15 mm͒ to be used for certain physical property studies such as the measurements of four-probe electronic conductivity. Recently, growth of LiFePO 4 crystals using optical and traveling solvent floating zone techniques were reported. 29, 30 In the 1960s, Mercier et al. [31] [32] [33] reported the growth of single crystals of LiMPO 4 ͑M = Mn, Co, Ni, and Fe͒ by a flux method, however, the size and quality of the crystals were not reported. To our knowledge, there have been virtually no detailed reports on the growth of sizable pure phase LiFePO 4 single crystals using flux method. Very recently, we have successfully grown LiFePO 4 single crystals by a flux method for magnetic neutron scattering study. 34 In this paper, we report ͑1͒ the details of the growth of sizable and high quality LiFePO 4 single crystals by standard flux method and the results on the single-crystal ͑SC͒ x-ray diffraction ͑XRD͒; ͑2͒ the experimental results of magnetic susceptibility and the theoretical study on the observed strong anisotropies in g-factor, paramagnetic Curie temperature, and effective moment for LiFePO 4 single crystals; and ͑3͒ the polarized Fe K-edge x-ray absorption spectroscopy ͑XAS͒ study on single-crystal LiFePO 4 ͑note that XAS studies on polycrystalline LiFePO 4 samples were carried out previously by other groups͒, with a different assignment for the 1s → 4p transition features and a one-electron theoretical explanation of the observed anisotropy in the intensities of the 1s → 3d transition features.
II. EXPERIMENTAL DETAILS
LiFePO 4 single crystals were grown by a standard flux growing technique from stoichiometric mixture of high purity FeCl 2 ͑99.999% Aldrich͒ and Li 3 PO 4 ͑99.999% Aldrich͒, carried out in an Ar atmosphere. LiCl was used as the flux during the following chemical reaction: FeCl 2 +Li 3 PO 4 + LiCl= LiFePO 4 + 3LiCl. The crystals were extracted from the flux mixture by dissolving the extra LiCl by water at room temperature. The procedure of the crystal growth was essentially the same as that used by Formin et al. 35 for the growth of LiNiPO 4 .
The SC XRD data were measured at T = 293 K using a Rigaku SPIDER x-ray diffractometer with Mo K␣ radiation ͑ = 0.7107 Å͒ to a resolution corresponding to sin max / Ϸ 0.65 Å −1 . The data refinement was done using the program SHELXL. 36 Powder XRD of ground single crystals at room temperature was measured on a Rigaku Geigerflex diffractometer using Cu K␣ radiation with wavelength of 1.5406 Å. The intensity data were accumulated at 0.02°s tep and a scanning rate of 5 s/step. The data were analyzed by the software package JADE 6.1 provided by Material Data Inc. The temperature and field dependent magnetic susceptibility measurements were carried out on a commercial superconducting quantum interference device magnetometer ͑model MPMS, Quantum Design͒ in a temperature range from 5 to 300 K and magnetic fields up to 5 T. The Fe K-edge XAS data were taken at room temperature and in fluorescence at beamline X-19A of the National Synchrotron Light Source. A double-crystal Si ͑111͒ monochromator was used for energy selection. At the Fe K edge, the monochromator was detuned by reducing the incident photon flux by about 20% in order to suppress contamination from harmonics. The energy resolution ͑⌬E / E͒ of the X-19A beamline was 2 ϫ 10 −4 , corresponding to about 1.4 eV at the Fe K edge. For energy calibration, after measuring each spectrum of the single crystal, an FeO powder reference sample was measured together with the single crystal. All of the XAS spectra presented in this paper were background subtracted and normalized to unity in the continuum region.
III. RESULTS AND DISCUSSION

A. Single-crystal x-ray diffraction
The as-grown single crystals have an average size of 4 ϫ 4 ϫ 6 mm 3 Ϸ 100 mm 3 . Most of the as-grown crystals are irregular in shape and dark-greenish in color. The singlecrystal sample used for SC XRD measurement was a small piece ͑about 0.06 mm 3 ͒ which was cut from a bigger rectangular crystal used for the magnetization measurement. The measurements of 1204 reflections gave 358 unique reflections with R int = 0.054 and I Ͼ 2͑I͒. The refinement method used is the full-matrix least squares on F 2 , with the Tables I and II. goodness-of-fit on F 2 to be 1.123. The refinement result indicates that the crystal has orthorhombic crystal structure with space group Pnma ͑No. 62͒ and Z = 4, and the lattice parameters are a = 10.3172͑11͒ Å, b = 6.0096͑8͒ Å, and c = 4.6775͑4͒ Å. These values of lattice parameters are in good agreement with that reported in the literature 4, [22] [23] [24] [25] [26] [27] by other groups for their SC and polycrystalline LiFePO 4 samples. Our result of the crystal structure of LiFePO 4 is basically consistent with the earlier single-crystal XRD results reported by Streltsov et al., 22 i.e., the cations occupy three different positions: an octahedral ͑Fe͒ site, an octahedral ͑Li͒ site, and a tetrahedral ͑P͒ site. In Table I , we list the obtained atomic coordinates for Li, Fe, P, and O. Fig. 1͑c͔͒ . Note that in Fig. 1͑c͒ , none of the three axes ͑i.e., a, b, and c axis͒ of the unit cell are along the directions of the three axes ͑i.e., xЈ, yЈ, and zЈ axis͒ of the octahedron.
B. Anisotropy in magnetic properties
Experimental results: Anisotropy in magnetic susceptibility
"T… Figure 3 shows the temperature dependent magnetic susceptibility ͑T͒ curves measured on a LiFePO 4 single-crystal sample with dimensions of 0.7ϫ 1.6ϫ 2.6 mm 3 and mass of 10.4 mg. The sample was cut in a rectangular shape, with the three axes of the unit cell along the edges of the rectangle. Hereafter, we denote the directions of the b axis ͑the easy axis͒, a axis, and c axis by symbols ʈ , ͑Ќ , a͒, and ͑Ќ , c͒, and the ͑T͒ with applied field along these three directions are denoted by ʈ , Ќ,a , and Ќ,c , respectively. In Fig. 3 , the data points of these three ͑T͒ curves are shown, and the solid curve represents the avg , defined by avg = 1 3 ͑ ʈ + Ќ,a + Ќ,c ͒. The ͑T͒ curves show that LiFePO 4 is antiferromagnetically ͑AFM͒ ordered. The ordering temperatures or Néel temperatures ͑T N ͒, determined by the temperature at the maximum 37 of a ͑T͒ curve, are about 51 K for both the Ќ,a and Ќ,c curves. For the ʈ curve, even though its maximum is located at a slightly higher temperature, 55 K, ʈ starts to drop much more sharply at 51 K. This can be clearly seen from the inset of Fig. 3 . For this reason, we assign T N = 51 K for the ʈ curve. The same value of T N for the three directions is consistent with the observation that the peak positions ͑which is another way to define T N ͒ in the curves of the derivative of the susceptibility, d / dT, are all located at the same temperature 47 K.
The ͑T͒ curves in Fig. 3 show strong magnetic anisotropy both below T N ͑in the AFM ordered phase͒ and above T N ͑in the paramagnetic phase͒. In the AFM ordered phase, ʈ decreases sharply with decreasing temperature, and it almost approaches zero at 5 K. This behavior is in sharp contrast to the two Ќ curves which decrease only slightly when passing T N and stay almost constant below 30 K. This result indicates that the easy axis for the antiferromagnetic ordering in LiFePO 4 is the b axis. The sharp difference in the temperature dependences between the parallel and perpendicular magnetic susceptibility curves below T N is typical for antiferromagnetic single crystals and can be explained by the standard two-sublattice molecular field ͑mean field͒ theory of antiferromagnetism. 37, 38 However, it is observed from Fig. 3 that the Ќ,a curve below T N also exhibits a big deviation from the Ќ,c curve, indicating that a certain degree of magnetic anisotropy also exists between the two Ќ curves. Such anisotropy cannot be explained by the standard twosublattice molecular field theory of antiferromagnetism. 37, 38 Above T N , the three ͑T͒ curves do not coincide, indicating that the magnetic anisotropy in the paramagnetic phase exists not only between the parallel susceptibility and the perpendicular susceptibilities, but also between the two Ќ curves. The different slopes of the three ͑T͒ curves above T N also indicate that there exists a certain anisotropy in the Lande g-factor, effective moment, and paramagnetic Curie temperature . These magnetic anisotropies in the paramagnetic regime ͑above T N ͒ cannot be explained by the standard, simple molecular field theory of antiferromagnetism, because such theory would predict that ʈ and Ќ curves coincide above T N . 37, 38 Thus, the development of a theoretical model and calculation are needed to explain these anisotropies observed from the magnetic susceptibility curves of singlecrystal LiFePO 4 .
Theory of the magnetic susceptibility of single-crystal
LiFePO 4 The anisotropy in magnetic susceptibility of LiFePO 4 has not been discussed theoretically. We would like to perform a theoretical calculation on the ͑T͒ curves with a similar approach that Homma 39 and Lines 40 developed for explaining the anisotropy in magnetic susceptibility of FeF 2 . The anisotropy observed in the g-factor ͑see Sec. III B 3 below͒ for our LiFePO 4 single-crystal sample suggests that spin-orbit coupling should be included in the starting Hamiltonian. Very recently, Li et al. 34 performed a neutron scattering measurement on single-crystal LiFePO 4 and proposed the following Heisenberg-like Hamiltonian to explain the observed spin-wave dispersion:
where J 1 is the intralayer NN superexchange ͑SE͒ interaction, J 2 is the intralayer NNN super-superexchange ͑SSE͒ interaction, J Ќ is the interlayer SSE interaction, and D is the single-ion anisotropy parameter. 34 In Fig. 2͑b͒ , J 1 , J 2 , and J Ќ are labeled. In this model, only the three J's ͑i.e., J 1 , J 2 , and J Ќ ͒ corresponding to the three shortest Fe-Fe separations 41 were included. The other J's were ignored by considering that spin-spin coupling usually is weakened with increasing Fe-Fe separation. The values of these parameters determined from fitting the spin-wave dispersion data 34 were J 1 = −0.662 meV, J 2 = −0.27 meV, J Ќ = 0.021 meV, and D = −0.37 meV. The numbers of equivalent Fe 2+ ͑S =2͒ spin neighbors, z i , corresponding to the same spin-exchange parameter J i are z 1 = 4 for J 1 , z 2 =2 ͑along the c axis͒ for J 2 , and z Ќ = 2 for J Ќ , respectively.
Assuming that the x, y, and z directions are along the a axis, c axis, and b axis, respectively, we propose an exten- FIG. 3 . Temperature dependent dc magnetic susceptibility curves measured in a field of 0.1 T and with field along the three axes of the unit cells: Ќ,a ͑solid triangles͒, ʈ ͑open circles͒, and Ќ,c ͑solid squares͒. The solid curve is the average magnetic susceptibility avg , defined by avg = ͑ ʈ + Ќ,a + Ќ,c ͒ / 3. The inset shows the magnified region near the peaks of the curves, with each curve normalized to the value at the maximum.
sion of Eq. ͑1͒ as the Hamiltonian in the presence of an external magnetic field H:
where H 0 is expressed by Eq. ͑1͒ and H f is the field related part of the Hamiltonian:
with g ␣ and ⌳ ␣ given by
where is the spin-orbit coupling constant, L ␣ ͑␣ =1, 2, and 3͒ are the orbital angular momentum component operators, 39, 42 and ͉n͘ refer to the orbital states corresponding to energy E n . For LiFePO 4 , g ␣ Ͼ 2 because is negative when a transition metal ion ͑d 6 for Fe 2+ ͒ has more than five d electrons. 36 Parallel magnetic susceptibility. First, we derive the temperature dependence of the magnetic susceptibility for T Ͼ T N , i.e., in paramagnetic state. When the external magnetic field is along the b axis ͑or z axis͒, H = H z , the molecular-field Hamiltonian for the ith spin is
͑6͒
The eigenenergies are given by
͑7͒
where the azimuthal quantum number m takes values of 0, Ϯ1, and Ϯ2. The molar parallel magnetic susceptibility ʈ is given by
where Z is the partition function:
For T Ͼ T N , if we use the experimental data ͑see next section͒ T N =51 K, H = 0.1 T, and the values of the spin-spin exchange interactions J, then both −͑z 1 J 1 + z 2 J 2 + z Ќ J Ќ ͒S and B H are much smaller than k B T. Then, we have
The final expression for ʈ is
This equation can be written in the form of the Curie-Weiss law:
where b0 =2N B 2 ⌳ ʈ , Curie constant
with S = 2 for Fe 2+ . Equation ͑13͒ is in the form of modified Curie-Weiss law, which can be used to describe other magnetic systems. 43 Since J 1 is the NN exchange interaction and J 2 and J Ќ are the NNN exchange interactions, following the similar derivations of Honma 39 and Lines, 40 we can replace z 2 J 2 for FeF 2 in their derivation by z 2 J 2 + z Ќ J Ќ for LiFePO 4 . Then for T Ͼ T N in the antiferromagnetically ordered state, as T → 0,
Perpendicular magnetic susceptibility. To derive the perpendicular magnetic susceptibility for T Ͼ T N , we consider a weak magnetic field applied along the x-axis ͑or a-axis͒ direction. Since S y = 0 and S z = 0, the mean-field Hamiltonian can be written as
Following the derivation of Lines, 40 we have the following expressions for the perpendicular susceptibilities Ќ,a and Ќ,c :
Similarly, Eqs. ͑18͒ and ͑19͒ can be written into the CurieWeiss Law form:
and
, ͑21͒
It is interesting to note that the average value of these three is avg = 1 3
For comparison between the ͑T͒ data of single-crystal and polycrystalline samples, it is worthwhile to establish the relationship between them. Following the similar derivation of the formula for the susceptibility of the powders or polycrystalline materials, poly , in Ref. 38 , we have
If one writes poly in the form of a modified Curie-Weiss law:
Then, with the use of Eqs. ͑13͒, ͑20͒, and ͑21͒, we have
Note that poly = avg ͓see Eq. ͑25͔͒ only when Ќ = ʈ . Using Eqs. ͑14͒, ͑22͒, and ͑23͒, we have
The effective magnetic moment is eff,avg = ͑8C avg ͒ 1/2 . ͑33͒
In the next section, we will fit the experimental susceptibility curves by Eqs. ͑13͒, ͑20͒, ͑21͒, and ͑27͒ to obtain the values of Curie temperatures, Curie constants, and effective moments, and use the above theoretical results to evaluate the values of the following ten parameters:
, and ⌳ ʈ .
Fitting results for the "T… curves and discussions
The anisotropy in the g-factor and can be studied by fitting the ͑T͒ curves above T N by Eqs. ͑13͒, ͑20͒, and ͑21͒, or by fitting the inverse susceptibility curves to ͑ ␣ − ␣0 ͒ −1 = ͑T − ␣ ͒ / C ␣ , with ␣ =1,2,3 corresponding to ʈ , ͑Ќ , a͒, and ͑Ќ , c͒, in the temperature range of 70 K ഛ T ഛ 300 K. The fitting lines are shown in Fig. 4 by the solid lines. The fitting is done self-consistently, i.e., the values of g ␣ and ⌳ ␣ obtained from the fitting should be consistent with that given by Eqs. ͑4͒ and ͑16͒. The values of the effective moment ͓ eff = ͑8C ␣ ͒ 1/2 ͔ are determined from the fitting values of the Curie constant C ␣ . To calculate the g-factors, S = 2 for Hund's rule ground state ͑ 5 D 4 ͒ of free Fe 2+ ͑d 6 ͒ ions is used. Since the spin-wave theory of antiferromagnetism 44 predicts a T 2 dependence of ʈ ͑T͒ at low temperature, the value of ʈ ͑0͒ is obtained by fitting the ʈ ͑T͒ data to ʈ ͑T͒ = a + bT 2 in the range of 5 ഛ T ഛ 20 K and extrapolated to T = 0. We have the following fitting results: of C, g, and eff calculated using Eqs. ͑29͒, ͑32͒, and ͑33͒ and the above fitting values are C avg = 3.385 emu K / mol, g avg = 2.12, and eff,avg = 5.20 B . The fitting results are summarized in Table IV . These results indicate a strong anisotropy for the g-factor and the paramagnetic Curie temperature . The eff values obtained from the fitting are within a 7% deviation from the values measured previously by Creer and Troup 45 and are 13%-20% smaller than those reported recently by Chen et al. 30 Compared with their data, our value for ʈ ͑−59.7 K͒ is very close to that ͑=−68Ϯ 10 K͒ measured by Creer and Troup, 45 but substantially higher ͑i.e., less negative͒ than the value ͑−105.7 K͒ measured by Chen et al.;
30 our values for both Ќ,a ͑=−80.9 K͒ and Ќ,c ͑=−105.7 K͒ are substantially higher ͑ϳ30% -40% higher͒ than the values reported by these two groups.
We would like to compare the −1 ͑T͒ data reported by Santoro and Newman 46 for their polycrystalline LiFePO 4 samples with our single-crystal data. For this purpose, we plotted the inverse of the average magnetic susceptibility avg −1 ͑T͒ in the inset of Fig. 4 in comparison with the poly −1 ͑T͒ curve ͑dotted curve in Fig. 4͒ reported by Santoro and Newman 46 Here, the avg −1 ͑T͒ is calculated from the avg ͑T͒ curve in Fig. 3 . The inset of Fig. 4 shows that our avg −1 ͑T͒ curve for single crystal matches well with the poly −1 ͑T͒ curve, demonstrating the validity of the derived relationship avg ͑T͒ = poly ͑T͒. The average value of T N , obtained from the maximum of the avg curve shown in Fig. 3 , is T N,avg =51Ϯ 2 K. This T N,avg value is very close to the values ͑Ϸ50Ϯ 2 K͒ reported in the literature [46] [47] [48] for polycrystalline samples. Fitting the avg −1 ͑T͒ curve in the inset of Fig. 4 Fig. 3 . Figure 5͑d͒ displays the M͑H͒ hysteresis loops measured at 5 and 35 K and with the field varying via 0 → 5 T→ −5 T → 5 T. All of the curves are reversible. This absence of magnetic hysteresis in this field range is consistent with the observed linearity between M and H.
C. Polarized x-ray absorption spectroscopy results
The single-crystal sample used for the XAS measurement is the same sample used for magnetic susceptibility measurements. In Fig. 6 , we show the polarized Fe K-edge spectra for this LiFePO 4 single-crystal sample, with x-ray polarization vector E parallel to the three axes of the unit cell. In the measurement, the orientations of the axes of the sample were arranged as follows: ͑a͒ for E ʈ b axis, k ʈ a axis; ͑b͒ for E ʈ a axis, k ʈ c axis; and ͑c͒ for E ʈ c axis, k ʈ a axis. The three polarized spectra in Fig. 6 show different edge energies and display different shapes, indicating a certain degree of anisotropy in the electronic structure near the Fermi level. Basically, the polarized spectra shown in Fig. 6 consist of two main regions: the low-energy region where the preedge "a feature" is located and the main edge region where the features labeled by A -C are located. The symmetries and energies of the electronic final states and the selection rules of quantum transition strongly affect the positions and intensities of the absorption features of polarized x ray near the Fe K edge. Previously, Westre et al. 55 studied some octahedral oxygen-coordinated Fe ͑II͒ compounds, and Hass et al. 56 and other groups 4, 25, [57] [58] [59] [60] [61] [62] recently studied polycrystalline LiFePO 4 samples by unpolarized Fe K-, Fe L-, and O K-edge XAS measurements. Similar to the feature assignments for the Fe K-edge spectra in some of these studies, we can assign the preedge a feature as due to the dipole forbidden ͑but quadrupole allowed, see below͒ Fe1s → 3d transition and the features on the main edge as 1s → 4p transitions.
The relative positions and intensities of the features A -C in the main edge region of the spectra ͑see Fig. 6͒ are similar to what were previously observed from the polarized Cu and Ni K-edge spectra of some cuprate and nickelate compounds, such as Nd 2−x Ce x CuO 4 ͑0 ഛ x ഛ 0.18͒, IBi 2 Sr 2 CuO 2 and La 2−x Sr x CuO 4 ͑0 ഛ x ഛ 1͒, and La 2−x Sr x NiO 4 ͑0 ഛ x ഛ 1͒ series, [63] [64] [65] [66] which have either octahedral or square planar coordination of oxygen ligands about the central transition metal ions. Thus, we propose here a feature assignment for the polarized Fe K-edge spectra of LiFePO 4 , similar to the feature assignments we previously made on polarized Cu and Ni K-edge spectra. [63] [64] [65] [66] The features A and B in the E ʈ c spectrum are assigned to the transition from 1s to out-of-plane 4p state transitions, whereas the B and C in the E ʈ b spectrum are due to the transitions of electrons from 1s to in-plane 4p states. The lower-energy features A and B involve "shake down" final states in which the core hole is better screened ͑relative to the B and C related processes͒ by the transfer of a ligand electron to the well localized 3d shell. 63 These final states can be denoted by 3d 7 L គ , where L គ denotes a ligand shell hole. The higher-energy features B and C can be associated with the unscreened 3d 6 final states. It appears that the E ʈ a spectrum in Fig. 6 contains all four 1s → 4p transition features A -C . Qualitatively, this can be understood by the deviation of the a axis from the zЈ axes ͓see Fig. 1͑c͔͒ of the FeO 6 octahedra. Due to this deviation, the in-plane and out-of-plane components of the polarization vector E in the E ʈ a case can excite transitions of electrons from 1s to the 4p and 4p states, respectively. Similarly, the smaller intensity of the B feature evidenced in the E ʈ c spectrum can also be explained by the in-plane component of the E due to the deviation of the c axis from the equatorial planes of the FeO 6 octahedra. The values of the edge energy E edge , which is defined as the energy at which the absorption coefficient= 0.5, are 7118.2, 7118.8, and 7119.6 eV, respectively, for the E ʈ c, E ʈ a, and E ʈ b spectra. The observed difference in edge energy for these spectra can be attributed to the variation of the intensity of the A feature. For the E ʈ b spectrum, the edge energy is the highest due to the absence of the A feature. These edge energies are very close to those for divalent iron compounds such as the reference compound FeO ͑which has E edge = 7119.0 eV͒ used in this study, indicating that the Fe ions in single-crystal LiFePO 4 are divalent. This result is in agreement with the effective magnetic moment of Fe 2+ ion estimated from the magnetic susceptibility curves.
A detailed examination reveals that the preedge feature A is actually a feature with double bumps, which are labeled by t 2g and e g , and is enlarged in the inset of Fig. 6 . The lowerenergy t 2g feature located at about 7111.7 eV is attributed to the Fe 1s → 3d t 2g transition, and the higher-energy e g feature located at 7113.5 eV is due to the 1s → 3d e g transition. To the first order approximation for which the distortion of the FeO 6 octahedron can be neglected, the octahedral ligand field around the Fe due to the six O ligands splits the fivefold degenerate energy of the Fe 3d states into two subsets: the lower, threefold t 2g levels and the higher, twofold e g levels. 55, 56, 67 If the three axes of the FeO 6 octahedron are denoted by xЈ, yЈ, and zЈ axis, as shown in Fig. 1͑c͒, 6 ͒ ions, each of these five orbitals is filled with a spin-up electron, and a t 2g orbital is filled with a spin-down electron. Such an electronic configuration for the 3d 6 is consistent with the theoretical results calculated by Shi et al. 47 on the density of states of the Fe 3d band, which predicted that the Fermi level is above the entire up-spin 3d subband and part of the down-spin 3d t 2g band. As discussed before, such a high-spin Hund's rule ground state of Fe 2+ ion is also consistent with the measured effective magnetic moment for the LiFePO 4 single-crystal sample. Since both the t 2g and e g orbitals are partially occupied, the 1s electrons of the Fe 2+ ions can be excited to these two sets of 3d orbitals by absorption of x-ray photons. A detailed curve-fitting analysis on such double-bump preedge features for some octahedral oxygencoordinated Fe ͑II͒ compounds by Westre et al. 55 indicates that such double bumps in the preedge feature are actually a superposition of three spectral peaks ͑corresponding to three final many-electron excited states͒ due to the transition of the Fe 1s electrons from the 1s orbital to the 3d t 2g and e g orbitals.
The inset of Fig. 6 clearly shows that for both the E ʈ a axis and E ʈ c axis spectra, the intensity of the e g features are higher than that of the t 2g feature. However, for the E ʈ b axis spectrum, the intensity of the e g feature is much lower than that of the t 2g feature. Such anisotropy in the intensities of the features caused by different polarizations can be explained by the analysis of the quadrupole-term 69, 70 contribution to the absorption coefficient . Within one-electron theory and following a similar procedure adopted by Bocharov et al., 71 the electric quadrupole term of absorption coefficient can be derived to be
with the following partial absorption coefficients:
It is seen that the expressions for the first three partial absorption coefficients are the same as previously reported by FIG. 6 . Polarized x-ray absorption spectra at the Fe K edge for the single-crystal LiFePO 4 , with the polarization vector E of the x-ray radiation parallel to the a axis ͑dashed curve͒, c axis ͑thinner solid curve͒, and b axis ͑thicker solid curve͒. The feature assignment is discussed in text.
Bocharov et al., 71 To estimate the values of these partial absorption coefficients for different sample orientations with respect to the directions of E and k, it is necessary to specify the directions of the a, b, and c axes of the unit cell in the local xЈyЈzЈ coordinate system of the FeO 6 octahedra. From Fig. 1͑c͒ , we see that the b axis is lying on the xЈyЈ plane and along the direction of an in-plane O͑3͒ i -O͑3͒ ii bond, which is the common edge of the FeO 6 octahedron and one of the four neighboring PO 4 tetrahedra. In the discussion below, to the first order approximation, we treat the FeO 6 octahedra as undistorted, and we believe that the conclusions derived should be close to the results for a distorted octahedral. For an undistorted FeO 6 octahedron, b axis is perpendicular to the zЈ axis and is 45°from either the xЈ or the yЈ axis. Actually, there are two groups of FeO 6 octahedra: the first group ͑group 1͒ of octahedra is similar to that sketched in Fig. 1͑c͒ , which has its zЈ axis tilted about 30.2°͑i.e., az Ј below͒ away to the right of the ab planes ͑which are parallel to the plane formed by ͓001͔ and ͓010͔ axes͒; the second group ͑group 2͒ of octahedra has its zЈ axis tilted the same angle away from the ab planes but to the left side. From the values of the atomic coordinates of O͑1͒ and O͑2͒
iii listed in Table I , one can estimate that the zЈ axis ͓along the O͑1͒-O͑2͒
iii line in Fig. 1͑c͔͒ makes angles of az Ј Ϸ 30.2°and cz Ј Ϸ 59.8°t o the a axis and c axis, respectively. Thus, in the local xЈyЈzЈ coordinate system, the unit polarization vectors along the positive directions of the a, b, and c axes can be
and c = ͑−sin cz Ј / ͱ 2, −sin cz Ј / ͱ 2, Ϯ cos cz Ј ͒, respectively, where the signs "ϩ" and "Ϫ" are designated for the second and first group of FeO 6 octahedra, respectively.
Thus, for E ʈ b axis and k ʈ a axis, Fig. 6͒ , where the intensity of the e g feature is much smaller than that of the t 2g feature. In the cases of E ʈ a axis and E ʈ c axis, the partial absorption coefficients and I e g / I t 2g are also calculated and the values are shown in Table V . Our calculation shows that for both the aand c-polarization spectra, I e g / I t 2g = 1.329. This result indicates that for these two polarizations, the intensity of the e g feature is stronger than that of the t 2g feature, which is also in good agreement with the observation in the inset of Fig. 6 . Thus, the anisotropy of the intensities of the features of 1s → 3d quadrupole transitions due to different polarizations is explained adequately with the one-electron approximation.
IV. CONCLUSIONS
Large-size high quality LiFePO 4 22 The powder XRD result on the ground SC LiFePO 4 confirms that the single crystals are a pure phase.
The results of anisotropy in magnetic properties of singlecrystal LiFePO 4 are reported. A mean-field theory of antiferromagnetism is developed to explain the observed strong anisotropies in g-factor, paramagnetic Curie temperature, and effective moment for LiFePO 4 single crystals. It is found that the values of the avg and Ќ calculated by this theory with the use of the values of spin-spin exchange interactions ͑J 1 , J 2 , and J Ќ ͒ and single-ion anisotropy ͑D͒ ͑which were obtained from previous neutron scattering measurement͒ match well with the values obtained from our fitting of the avg to the modified Curie-Weiss law.
We performed the polarized XAS measurement at the Fe K edge on single-crystal LiFePO 4 . Based on the anisotropy observed in the polarized spectra, a different feature assignment is proposed to give a qualitative explanation for the 1s → 4p and 1s → 4p transition features. Such an identification of the out-of-plane 4p and in-plane 4p electronic states in Fe K edge could provide a guide for future K-edge XAS study of other Fe compounds, particularly those with octahedral or square planar oxygen coordination. Finally, anisotropy in the intensities of the 1s → 3d transition features is observed for spectra with different E polarizations, and such anisotropy is explained adequately by a one-electron-theory calculation on the electric quadrupole term of the absorption coefficient. 
